The performance of any engineering component depends on and is limited by the properties of the material from which it is fabricated. It is crucial for engineering students to understand these material properties, interpret them and select the right material for the right application. In this article we present a new method to engage students with the material selection process. In a competition-based practical, first year undergraduate students, design, cost and cast composite chocolate samples to maximise a particular performance criterion. The same activity could be adapted for any level of education to introduce the subject of materials properties and their effects on the material chosen for specific applications.
Introduction
With a near limitless range of materials available the selection of the 'best' material for a particular job is not easy. Fortunately, materials scientists have developed formally defined procedures to identify the best selection in a quantifiable way. Efficient material selections balance not only factors such as the material properties important for the application, but also additional aspects such as environmental impact and cost. In order to decide which materials will be the best for the application, we need to find a compromise between the material properties and these other factors which is done by combining them into a single performance index.
In a very simple case the requirement could be to create a material that requires a large amount of energy to break, that is toughness, at the lowest possible cost. This can be expressed as a performance index of Performance index = toughness / Cost Equation (1) In the modern world, some of the toughest materials are composite as shown in table 1 highlighting the relative cost and the associated performance index. Composites are made from multiple materials with the aim of combining their desirable properties. They are formed by using a "matrix", normally a cheaper and lightweight material, to surround and bind together a "reinforcement" material made of fibres or particles which are generally stiffer, stronger and more expensive. Composite materials exist in nature; one example is wood, where starch fibres are bound together by a matrix of lignin. Man-made composites include concrete and plastic reinforced materials such as fibreglass (GFRP) and carbon fibre reinforced plastics (CFRP). These materials are used extensively in the building industry, aerospace and civil engineering. In composites, a more ductile (tougher) reinforcement material protects against crack propagation and fracture of the more brittle matrix material (with a low toughness). A ductile material, such as steel is tough and requires a greater amount of energy to fracture and break. In a brittle material, such as concrete, a lower amount of energy leads to failure. Combined, this reinforce concrete is a tough materials used in structures that may experience variable loading or impact, where its ability to resist fracturing ensures the structure does not undergo premature catastrophic failure. The ability to understand how to design and process the matrix and the reinforcement materials in a composite whilst linking to the material properties is an important skill student engineers need to develop.
Testing rig
Integrating the area under a stress-strain curve can be used to measure the toughness of a material. This however requires a tensile test, a high degree of data points and knowledge of integration. For the purposes of this practical we chose an easier method that provides a relative measurement of the toughness between materials, that of a Charpy impact test rig. This piece of standardised equipment comes in various sizes as shown in figure (1a and 1b) , but all measure the amount of energy absorbed by a material during fracture. The key aspect of the test is a pendulum with a heavy weight at the end, which is released from a predetermined height with the test specimen being placed at the bottom of its stroke. The gravitational energy stored by the pendulum at release is converted to kinetic energy as it swings down to meet the sample. This energy is absorbed by the sample, such that the specimen must break for the pendulum to continue on the upswing. By measuring the height the pendulum rises to after the fracture, the amount of energy absorbed during the breaking of the specimen can be calculated. This impact energy can is then related to the toughness of the material.
The design of the practical
This practical, originally designed for first year undergraduates in the Materials Science and Engineering department at the University of Sheffield but has successfully been run as a secondary school practical to reinforce the idea of material properties and the choice of certain materials for components. In this article we present the more advanced undergraduate version of the practical exercise, whereby students are required to design, manufacture and test their own samples.
The aim was to create a material with a highest impact toughness (G) at the lowest cost (C), thus maximising the performance index in equation (1). For safety and ease of processing, as well as to provide a means of engaging the students, the main material selected for this practical is chocolate. Additional foodstuffs are available as optional contents. These materials combine easily to provide a good spread of performance indices for G/C. We made the students aware that a previously published Physics Education article on the fracture properties of chocolate was available [8] to encourage them to carry out independent research before designing their samples.
To encourage the students to think about their design, each group was provided a design template to "order" their materials. We encouraged them to think about the composite materials they know and have a little time research about them to use this knowledge in designing their own. Here we asked for a sketch of the side and top of the sample, including their placement of the reinforcement materials as well as the quantities required. Finally we asked for the cost of the total sample which would form the cost of their individual performance index, irrespective of whether they used all the materials or not.
Chocolate is a material with a complex structure and properties that are controlled by the conching and tempering of the chocolate at production [6, 7] . Typically, chocolate will include various quantities of cocoa mass, cocoa butter and vegetable oils with optionally added milk for white and milk chocolate variants. The conching process ensures that the fats (cocoa and vegetable), which ultimately control the final melting point, coat the cocoa particles. This materials process technique scrapes the molten chocolate over the carefully temperature controlled walls in a vat, to achieve a product that is smooth and does not feel "gritty", which can result if the particle size is increased above 35µm [6, 8] .
In the laboratory the equipment required to process chocolate in a fully controlled way is unlikely to be available, but chocolate can be melted and recast at relatively low temperature. The key to re-casting chocolate is maintaining a high enough temperature to melt it (>32 o C), but low enough so as not to allow it to seize, whereby the particles re-crystallise and form a grainy / lumpy chocolate with a matt finish. We use a bain-marie, a practice originally developed for alchemy where a bowl of hot water is used to heat and maintain a specific temperature of another bowl placed on top. We found the safest and most suitable method for the students was to use slightly cooled down boiled water from a kettle. This provides enough heat to melt the chocolate and keep it molten for 20-30 minutes without the risk of naked flames or hot plates.
Seizing can occur if any water contaminates the molten chocolate due to reactions with the high fat content. To avoid this, no lid is used during the melting process so as to not allow condensation and moisture to fall into the chocolate. Further, a rubber spatula is preferred as wood can retain moisture also causing seizing.
To incorporate the materials selection and performance index aspect of the session, we selected certain easy to obtain ingredients as shown in Table 2 . It should be noted that a wider or different range of constituents could be equally effective. Two types of chocolate -dark and milk -would be available for selection as matrix material and priced according to their toughness (which was measured in previous tests unknown to the students). In addition, we provided a number of reinforcement materials that are also strategically priced, not only to reflect cost of the raw ingredient, but also to take into account the improvements they would bring to the toughness of the composite as shown in figure (2) . Each reinforcement material would have a minimum unit quantity that can be purchased, representing the true buying of materials. Table 2 : The cost and minimum amount of the materials that students can select from for their composite material.
Matrix Material Quantity Cost (£)
We constructed a rectangular mould for the chocolate composite sample made of aluminium dimensions of 2cm width, 1cm height and 10cm length. After the samples were created and cool, the impact toughness was measured on a Zwick-Roell research grade Charpy impact test machine as shown in figure (1a) . A machine of this specification is not widely available, but we have successfully replicated similar results using the low cost "home-made" Charpy testing machine figure (1b) as detailed by Parsons and Goodall [9] .
Practical Stage One: Planning
The first stage of the practical was a 45-minute session during which the students got together in groups of no more than 4 students. A design sheet was provided and each group designed 'their' composite on paper aiming for the best performance index (toughest material at the lowest cost). The design consisted of drawings of the sample from different perspectives with the suggested material structure and a list of the ingredients needed. They were then asked to place an 'order' of the quantity of the raw materials required for their sample.
Practical Stage two: Chocolate casting
The second stage was the casting of the composite samples. Students, working in their groups, broke up the chocolate into small chunks and heated them up in the bain-marie top bowl to the melting stage Figure 3a . They placed the aluminium mould onto the metal plate and lined it with cling film figure 3b to improve heat conduction away from the chocolate and aid the solidification process and poured in their melted chocolate (figure 3c). This also prevented chocolate waste and also allowed the samples to be removed from the acrylic mould quickly and easily once set. Then they manufactured their sample according to their design and placed the finished product, still soft and inside its mould, into an ice-filled cool box.
Practical Stage three: testing
We conducted our measurements on the Charpy impact test machine and recorded the impact toughness in a spread sheet. The spread sheet had previously been prepared with columns for the groups' names, the cost of each group's materials, an empty column for the test result. The final column was used to calculate the performance factor when the test result has been entered so that each group could see their performance index immediately after testing. Figure (3d-3e) shows two typical samples after breaking. Group B (figure 3d) based their composite material upon a laminate structure using alternate layers of jelly sweets and dark chocolate, where group C (figure 3e) used milk chocolate with a surface coating of sprinkles and embedded crushed nuts to improve their toughness.
Practical Stage four: analysis and summing up
The analysis of results was conducted with all students present. Figure 4 shows the results obtained from running our practical.
The best performance indices were produced by groups B and H. Each used a different approach to the problem. Group H, after research during the planning stage, decided to minimise their cost by incorporating only one portion of sugar to the chocolate to increase the number of grain boundaries and thus the toughness of the material, following principles that apply for engineering composites. They produced a reasonable impact toughness of 0.73 J, but with the lowest cost generated a high performance index of 4.29 J £ -1 . Group B designed their structure using jelly sweets in order to increase the toughness by incorporating a highly ductile energy absorbing reinforcement. This indeed lead to the highest impact toughness of 1.19 J and the best overall performance index of 4.32 J £ -1 . Both of these design principles were also illustrated to the class as a whole.
The poorest performing composite materials where those that either failed to possess a high toughness or cost too much. Group C created the least tough composite material using a combination of crushed nuts and sprinkles. A combination of using a matrix of dark chocolate (cheap but less tough than milk chocolate) and reinforcement material were to blame. The students positioned the nuts to be at the centre of the sample where impact was to occur. This combined with the surface coating of the sprinkles displaced a lot of the chocolate matrix in the impact area causing the sample to behave in a brittle manner reducing their toughness.
The results of two other groups also highlighted issues with processing and manufacturing. Groups M and I vastly overestimated the amount of reinforcement materials they required, generating huge loss and waste in the production. Group I attempted to replicate a bone structure by ordering 20 strands of spaghetti and 12 sultanas, but only used 6 pieces of spaghetti and 1 sultana, more than doubling their cost whilst not improving their toughness and reducing the performance index of their material from a potential 2.43 J £ -1 to 0.93 J £ -1 . Good planning is very important in manufacturing, where waste adds additional costs to the final product with no benefit to the consumer. This and other similar examples were discussed with the students after the session, allowing them to observe the issue and appreciate its significance. The discussions also highlighted the fact that researching the relevant literature before setting out designing experiments can save time and money.
Conclusions
In this article we have presented an enjoyable and engaging method of allowing students to understand how material properties can be compared using a performance index. This practical is currently used with first year students but has been successfully adapted for outreach events for different levels of students. This can easily be adapted to run from junior schools to university level, with the challenge of understanding of the materials selection charts, material properties and performance index scaled to the target audience. In each case we advise that the students work through the practical themselves providing limited guidance only, with supervision to ensure safe working.
The practical emphasises the need to understand the physical origin of material properties and highlights the importance of being able to apply the knowledge in manufacturing problems or engineering situations. Students also appreciated the relevance of the design process, such as careful research and planning in advance of experimentation, as those that did not properly planned scored very low in their performance index. The reinforcement materials that could be selected for the creation of the composite materials. Each material is assigned a different cost and specified minimum purchase quantity. The mould is then placed upon a metal sheet and lined with cling film and the melted chocolate can be poured in (C). Two examples of the chocolate composite samples after impact testing (D) Groups B winning structure based on a jelly sweet / chocolate laminate structure and group low performing sample using nuts and sprinkles. 
